Previous studies reported that diets high in simple carbohydrates could increase blood pressure in rodents. We hypothesized that the converse, a low-carbohydrate/highfat diet, might reduce blood pressure. Six-week-old spontaneously hypertensive rats (SHR; n ϭ 54) and Wistar-Kyoto rats (WKY; n ϭ 53, normotensive control) were fed either a control diet (C; 10% fat, 70% carbohydrate, 20% protein) or a low-carbohydrate/high-fat diet (HF; 20% carbohydrate, 60% fat, 20% protein). After 10 wk, SHR-HF had lower (P Ͻ 0.05) mean arterial pressure than SHR-C (148 Ϯ 3 vs. 159 Ϯ 3 mmHg) but a similar degree of cardiac hypertrophy (33.4 Ϯ 0.4 vs. 33.1 Ϯ 0.4 heart weight/tibia length, mg/mm). Mesenteric arteries and the entire aorta were used to assess vascular function and endothelial nitric oxide synthase (eNOS) signaling, respectively. Endothelium-dependent (acetylcholine) relaxation of mesenteric arteries was improved (P Ͻ 0.05) in SHR-HF vs. SHR-C, whereas contraction (potassium chloride, phenylephrine) was reduced (P Ͻ 0.05). Phosphorylation of eNOS Ser1177 increased (P Ͻ 0.05) in arteries from SHR-HF vs. SHR-C. Plasma glucose, insulin, and homoeostatic model of insulin assessment were lower (P Ͻ 0.05) in SHR-HF vs. SHR-C, whereas peripheral insulin sensitivity (insulin tolerance test) was similar. After a 10-h fast, insulin stimulation (2 U/kg ip) increased (P Ͻ 0.05) phosphorylation of Akt Ser473 and S6 in heart and gastrocnemius similarly in SHR-C vs. SHR-HF. In conclusion, a low-carbohydrate/high-fat diet reduced blood pressure and improved arterial function in SHR without producing signs of insulin resistance or altering insulin-mediated signaling in the heart, skeletal muscle, or vasculature.
THE AMERICAN HEART ASSOCIATION reports that ϳ75 million Americans have hypertension (44) . Despite the efficacious pharmacological treatments that currently are available, a need exists for other treatment options due to issues such as noncompliance to medication, prevalence of side effects, and resistance to commonly used drugs. Accordingly, diet and lifestyle interventions including lower sodium intake (56) , increased fruit and vegetable consumption (45) , and weight loss (50) have been shown to reduce blood pressure.
The spontaneously hypertensive rat (SHR) is a model of evolving hypertension, utilized for understanding the causes of hypertension and the development of more effective strategies for its treatment. Recently, it was shown that restricting total caloric intake by 40% reduced blood pressure in the SHR (17) . However, altering the ratio of macronutrient intake may also impact blood pressure. Animal studies indicate that diets high in simple carbohydrates, such as sucrose, can promote hypertension in rodents (19, 23, 38, 59) , whereas consumption of very high-fat diets (Ն60% energy from fat) can reduce blood pressure in the SHR (14, 57) . Blood pressure in humans may also be responsive to alterations in macronutrient intake. For example, a clinical study by Appel et al. (2) reported that hypertensive patients had a 2.9-mmHg drop in systolic pressure when consuming a 48% carbohydrate, 37% fat diet (total energy intake) compared with a 58% carbohydrate, 27% fat diet. The mechanism(s) for the blood pressure changes evoked by low-carbohydrate/high-fat diets in the aforementioned animal and human studies remain unknown.
Studies reporting the cardiovascular benefit of low-carbohydrate/high-fat diets have been understandably controversial because high-fat diets have traditionally been associated with obesity and metabolic syndrome in some rodent models [for review see Buettner et al. (9) ]. In the present study we sought to clarify the observation that a low-carbohydrate/high-fat diet attenuates hypertension, and we therefore hypothesized that such a diet would reduce blood pressure and improve arterial function without producing insulin resistance in SHR, a clinically relevant model of hypertension.
Our main findings are that SHR fed low-carbohydrate/highfat diets have lower blood pressure and improved endothelial function of mesenteric arteries. Importantly, systemic glucose homeostasis and insulin-mediated signal transduction in the heart and skeletal muscle were similar between SHR fed low-carbohydrate/high-fat or control diets. Furthermore, mesenteric arterial function was improved in SHR that consumed diets relatively higher in fat content and might contribute, at least in part, to lower blood pressure that was observed in these animals. These studies provide important evidence that the ratio of carbohydrate to fat intake influences blood pressure during the condition of hypertension and provide mechanistic insight into the clinical observation that low-carbohydrate/ high-fat diets can reduce blood pressure.
MATERIALS AND METHODS
Animals and diets. All protocols were approved by the University of Utah Institutional Animal Care and Use Committee. Fifty-four SHR (SHR/NCrl) and 53 control Wistar-Kyoto normotensive rats (WKY) were obtained from Charles River Laboratories at 5-6 wk of age and randomized to have free access to either a low-carbohydrate/ high fat (HF; 20% carbohydrate, 20% protein, 60% fat by calories) or control diet (C; 70% carbohydrate, 20% protein, 10% fat by calories) (Research Diets, New Brunswick, NJ) for 10 wk (Table 1) .
Blood pressure and sampling. At 15-16 wk of age, after a 2 Ϯ 1-h fast, systemic arterial blood pressure was assessed in conscious rats (n ϭ 13-15/group), as previously described, using a fluid-filled catheter inserted into the caudal artery (52) . After blood pressure was measured, a caudal artery blood sample was taken from a subgroup of rats to measure plasma glucose directly (n ϭ 8 -10/group; One Touch glucometer; LifeScan) as well as insulin (n ϭ 8 -10/group; ELISA; Crystal Chem) (53), leptin and homomultimer adiponectin (n ϭ 5-7/group; RIA; Millipore, Billerica, MA) (54) . The homeostasis model assessment (HOMA) index was calculated [fasting glucose (mmol/l) ϫ fasting insulin (mU/l)/22.5] as previously described (30) .
Peripheral insulin sensitivity. An insulin tolerance test was performed in a cohort of rats (n ϭ 6 for all groups). After an 11 Ϯ 1-h fast from 2300 to 0900 baseline (i.e., 0 min), glucose was assessed using a blood sample obtained from a caudal artery catheter. Next, insulin (2 U/kg body wt) was injected via the caudal artery, and glucose was sampled after 10, 20, 30, and 60 min.
Insulin-mediated signal transduction in heart, gastrocnemius, and vessels. After an 11 Ϯ 1-h fast (2300 to 0900), rats (n ϭ 10 -12/group) were injected intraperitoneally with insulin (2 U/kg body wt) or vehicle (saline), and 5 min later tissue was obtained for analysis.
Vascular function. Isometric tension techniques were used to evaluate arterial function of mesenteric arteries (n ϭ 6/group) in the absence of neural, humoral, metabolic, and mechanical influences as previously described (26, 53, 54) . After L max tension was determined for each artery (100 mM KCl), vasocontractile responses to phenylephrine (PE; 10 Ϫ8 -10 Ϫ5 M) and KCl (10 -100 mM) were performed to assess receptor-and non-receptor-mediated contraction, respectively. Responses to acetylcholine (ACh; 10
Ϫ8

-10
Ϫ4 M) and sodium nitroprusside (SNP; 10
Ϫ9
-10 Ϫ4 M) were performed on vessels precontracted to ϳ65% of maximal PE-induced tension development to determine endothelium-dependent and endothelium-independent vasorelaxation, respectively. Vasocontractile responses to N G -monomethyl-L-arginine (L-NMMA; 10 Ϫ3 M) were evaluated in PE-precontracted arteries to estimate basal NO production. All concentration-response curves were separated by 30 -40 min.
Immunoblotting. All tissues were homogenized at 4°C, and Western blotting was performed using standard methods we have previously described (3, 12, 26 Ser1177 , and endothelial nitric oxide synthase (eNOS) (BD Transduction Laboratories, Franklin Lakes, NJ). Cardiac LKB1 and p70S6K were measured in hearts that were not exposed to insulin. Relative band densities of immunoblots after chemiluminescent detection were measured using a Kodak Gel Logic 1500 imaging system. All immunoblots were done in triplicate to confirm results, and band densities were normalized to tubulin as a loading control when required.
Statistical analysis. A two-way analysis of variance (ANOVA) and Tukey's post hoc tests were utilized to determine significant differences for all parameters except where noted as follows (SPSS version 16). For insulin-stimulated signaling experiments, t-tests for independent samples were used to determine differences between each genotype ϫ diet ϫ vehicle group and the corresponding genotype ϫ diet ϫ insulin stimulation group. Vascular function dose-response curves were analyzed using a two-way repeated-measures ANOVA followed by Tukey's post hoc test when a significant main effect was obtained. Data are means Ϯ SE. Significance was accepted at P Ͻ 0.05.
RESULTS
Blood pressure, cardiac hypertrophy, and body weight. As expected, arterial blood pressure was greater in SHR vs. WKY rats regardless of the feeding condition ( Table 2 and Fig. 1 , A and C). Consistent with our hypothesis, hypertension was less severe in SHR that consumed HF vs. C chow. Compared with WKY, cardiac hypertrophy developed to a similar extent in SHR despite the relative reduction in blood pressure observed in HF vs. C rats ( Table 2 and Fig. 1 , B and C).
LKB1, and S6K are important regulators of cardiac hypertrophy in SHR (16, 51) . The phosphorylation of cardiac LKB1, the upstream activating kinase of AMPK, as represented by its phosphorylation on serine 428, was reduced in all SHR vs. all WKY ( Fig. 2A) . However, feeding HF diets to WKY or SHR did not affect LKB1 phosphorylation compared with the C diet ( Fig. 2A) . Phosphorylation of the downstream target of mTOR, S6 kinase, was markedly increased in the hearts of SHR-C vs. all WKY and was further augmented in the SHR-HF (Fig. 2B) .
Metabolic characterization. Plasma insulin, plasma glucose, and the HOMA index were lower in SHR-HF vs. SHR-C, whereas only HOMA was lower in WKY-HF vs. WKY-C (Table 2) . Insulin sensitivity as determined by an insulin tolerance test (ITT) was similar between SHR-HF vs. SHR-C (Fig. 3) . Interestingly, WKY-C had significantly reduced insulin sensitivity (higher blood glucose at all time intervals after insulin injection) compared with all other groups (Fig. 3) . Leptin levels increased ϳ70% in WKY-HF vs. WKY-C but were similar in SHR-C vs. SHR-HF (Table 2 ). Plasma adiponectin (all forms except monomeric adiponectin) was similar between WKY and SHR regardless of which diet they consumed (Table 2) .
Insulin-mediated signal transduction in the heart and skeletal muscle. After 5 min of insulin stimulation, mTOR phosphorylation was not altered in heart (Fig. 4A ) or skeletal muscle (data not shown) of WKY and SHR. There was no dietary effect on basal Akt expression in heart or skeletal muscle, but insulin stimulation increased the ratio of pAkt Ser473 to total Akt in all groups of SHR and WKY (Fig. 4 , B and D). In skeletal muscle, but not heart, insulin treatment led to a slight reduction of total Akt levels across all groups. Insulin stimulation also led to a robust phosphorylation of S6 in these same tissues, resulting in similar elevation of p-S6-tototal S6 elevated across all groups, regardless of diet (Fig. 4 , C and E).
Arterial function. Receptor-and non-receptor-mediated vasocontraction was less severe in arteries from SHR-HF vs. SHR-C (Fig. 5, A and B) . Endothelium-dependent and -inde- pendent relaxation was greater in vessels from SHR-HF vs. SHR-C (Fig. 5, E and F) . L-NMMA-evoked vasocontraction in precontracted arteries was higher in vessels from SHR-HF (50 Ϯ 2%) vs. SHR-C (23 Ϯ 6%). Vasocontraction in mesenteric arteries was evoked using KCl and PE. No differences in arterial function were observed in vessels from WKY rats regardless of diet (Fig. 5, C, D, G, H) , except for an increase in developed tension in response to PE (Fig. 5D, log 10 Ϫ5.5 ) in WKY-HF vs. WKY-C.
Using arteries from the same animals, we sought to determine whether blunted hypertension, improved vasorelaxation, and less severe vasoconstriction might be secondary to phosphorylation of eNOS and the upstream signaling kinases that phosphorylate eNOS at both positive (i.e., Akt, AMPK) and negative (i.e., ERK) regulatory sites. Under basal conditions p-eNOS Ser1177 was similar among WKY-C, WKY-HF, and SHR-C; however, SHR-HF had an almost 2.5-fold increase in p-eNOS Ser1177 vs. WKY-C. After insulin stimulation, peNOS Ser1177 increased in WKY-C but not in WKY-HF or SHR-C. Insulin stimulation did not further augment the high level of p-eNOS Ser1177 already present in SHR-HF (Fig. 6A ). The differential response in p-eNOS Ser1177 was not secondary to alterations in upstream signaling via Akt, ERK (Fig. 6 , B and C), or AMPK (data not shown). Although both Akt and ERK demonstrated increased phosphorylation after insulin stimulation (Fig. 6 , B and C), there were no differences in phosphorylation level between groups regardless of diet.
DISCUSSION
In the present study we provide data that supports three main findings. First, a low-carbohydrate/high-fat diet attenuates hypertension in the SHR. Second, these beneficial effects can be achieved without causing insulin resistance or detriment to insulin-stimulated signaling in heart and skeletal muscle. Finally, a low-carbohydrate diet might attenuate blood pressure in SHR by improving reactivity of resistance-sized arteries. These results provide important proof of principle that in the setting of experimental hypertension, limiting the carbohydrate intake (at the expense of increasing fat intake) reduces blood Values are means Ϯ SE in Wistar-Kyoto rats (WKY) and spontaneously hypertensive rats (SHR) fed a control (C) or a low-carbohydrate/high-fat (HF) diet. *P Ͻ 0.05, significant difference compared with WKY-C. †P Ͻ 0.05, significant difference compared with WKY-C and SHR-C. HOMA-IR, homeostasis model assessment of insulin resistance. pressure but does not disrupt insulin sensitivity or vascular function. Although our findings are clinically relevant given that low-carbohydrate/high-fat diets have been reported to reduce blood pressure in diabetic humans (41, 48) , it remains unknown if attenuated blood pressure in SHR-HF was a function of a reduction in overall carbohydrate or the sucrose component of the diet. It is known that SHR fed very high-sugar diets have greater blood pressure than chow-fed SHR (28, 38, 40) . These studies support a hypertensive effect from excess sugar. The diets used in our study contained 34% sucrose, 31% starch, 4% maltodextrin in the control chow and 7% sucrose, 0% starch and 14% maltodextrin in the low-carbohydrate/high-fat chow (Table 1) . Even though the amount of sucrose present in the control diet was higher than in "typical" control diets, the observed blood pressure in SHR-C was same level as we have previously observed using the same strain and age of SHR fed control diets with 10% sucrose (12, 51) . Since the differential sucrose content between the control and HF diet is a limitation to the present study, we cannot rule out reduced sucrose consumption by SHR-HF as a factor in blood pressure reduction. Similarly, the kidney-specific effect of the low-carbohydrate/high-fat vs. control diet was also not evaluated in this study; however, Preuss et al. (40) previously reported no significant or consistent differences in creatinine clearance and excretion of sodium, potassium, and protein in SHR and Wistar rats fed high-sugar diets vs. high-fat diets.
Previous studies have indicated that low-carbohydrate/highfat diets reduce cardiac hypertrophy in other rat models. For example, the laboratory of Stanley et al. reported that 60% fat, 20% carbohydrate in the diet of Dahl salt-sensitive and pressure-overloaded rats (aortic constriction) reduces cardiac hypertrophy, independent of any change in blood pressure (18, 34, 35, 49) . In contrast, we found a reduction in blood pressure in SHR but no change in cardiac hypertrophy. It is possible that the variable effects produced by the seemingly similar diets employed in our study and the aforementioned ones may be due to strain-specific differences in rat models that were used.
It is known that cardiac hypertrophy can be attenuated in SHR by reducing blood pressure (1, 10, 11, 13, 20, 37, 47, 58) . Our data are in contrast to these findings because despite the 11-mmHg reduction in mean arterial blood pressure experienced by SHR-HF, the extent of hypertrophy was similar between SHR-C and SHR-HF. Others have also reported that low-carbohydrate/high-fat diets lower blood pressure in SHR, but without any change in cardiac hypertrophy (14, 15) . Since previous studies using antihypertensive agents have reported that lowering SHR blood pressure by Ͼ30 mmHg attenuates cardiac hypertrophy (1, 10, 11, 13, 20, 37, 47, 58), one could argue that the 11-mmHg reduction of mean arterial pressure in SHR-HF was not sufficient to attenuate cardiac hypertrophy. Along these lines, it is also possible that hypertrophic signaling pathways may have remained active to engage cardiac growth. For example, we found that both SHR-C and SHR-HF hearts had attenuated LKB1 activation coupled with increased S6K phosphorylation, suggestive of signaling through the mTOR pathway, and a pattern that has been associated with hypertrophy in SHR (16) . We have previously reported that mTOR regulates hypertrophy in the SHR and that repression of mTOR, independent of any change in blood pressure, can attenuate hypertrophy (51) . Hypertrophic pathways that are independent of blood pressure, such as endonuclease G (ENDOG), may also play a role in SHR. McDermott-Roe et al. (31) demonstrated that inhibition of ENDOG leads to cardiomyocyte hypertrophy in vitro and in vivo. Interestingly, SHR posses a frame-shift insertion in exon 1 of ENDOG that leads to reduced cardiac ENDOG expression (31) . Taking these findings together, we speculate that the reported lack of ENDOG expression in SHR, along with our observed elevation of cardiac p-S6K, suggests a sustained activation of hypertrophic signaling that could explain the continued presence of hypertrophy in SHR-HF, despite the reduction in blood pressure. Our original rationale for assessing indexes of arterial reactivity was to determine whether any adverse effects of lowcarbohydrate/high-fat diets might be observed in vessels from SHR-HF vs. SHR-C. Unexpectedly, mesenteric arteries from SHR-HF displayed greater ACh-evoked vasorelaxation, blunted PE-and KCl-evoked vasocontraction, and elevated L-NMMAevoked tension development in precontracted arteries vs. vessels from SHR-C. Furthermore, basal p-eNOS Ser1177 was significantly increased in segments of thoracic aorta from HF vs. C SHR animals. While these functional and biochemical alterations are consistent with greater nitric oxide bioavailability in the vasculature of SHR-HF vs. SHR-C, we cannot discount the possibility that vascular smooth muscle sensitivity might have been improved. In this regard, SNP-evoked vasorelaxation was greater in arteries from SHR-HF vs. SHR-C. Therefore, it is difficult to precisely identify whether improved vasorelaxation in resistance- sized vessels from SHR-HF is precipitated via endotheliumdependent or -independent sources. What is without doubt, however, is that the low-carbohydrate/high-fat diet did not impact arterial function in a negative manner. Moreover, it is not unreasonable to speculate that improved vasorelaxation of resistancesized arteries might be partly responsible for the observation that systemic hypertension was less severe in SHR-HF vs. SHR-C. However, a limitation of our analysis is the lack of a secondary measure, such are peripheral vascular resistance, that would correlate with reductions in mean arterial pressure. Previous studies have shown that SHR have reductions in systemic vascular resistance that occur in conjunction with reduced blood pressure (21, 27) .
There have been many contrasting reports over the years whether SHR are insulin resistant and if they can maintain normal glucose homeostasis. On one hand, there is a body of evidence demonstrating insulin resistance (4, 25, 32, 46) and diminished glucose uptake in skeletal muscle and adipocytes of SHR (33, 42) , whereas others report normal, or enhanced, glucose uptake and similar insulin sensitivity in SHR vs. WKY (7, 8, 22, 55) . There may be strain-specific variations in SHR insulin sensitivity and glucose uptake. A limitation of the historical literature is that many previous studies did not specify which SHR strain was used. We believe that a subset of the aforementioned studies, along with our present data, indicates that the WKY have poorer insulin sensitivity than the SHR strain used in the present study (NIH/Crl). The exact mechanism responsible for improved insulin sensitivity after feeding low-carbohydrate/high-fat diet to WKY remains unknown. Differences in hepatic and skeletal muscle insulin receptor density and/or GLUT4 expression could be explored as potential mechanisms in future studies. Given these contrasting reports, we quantified systemic glucose concentrations over time in response to insulin administration. The most important finding in the context of our study was that no differences existed concerning insulin-stimulated glucose response between SHR fed low-carbohydrate/high-fat or control chow. Interestingly, insulin-stimulated reductions in blood glucose were more profound in SHR vs. WKY fed a control diet, and both basal insulin concentrations and the HOMA index were lower in SHR and WKY fed low-carbohydrate/high-fat diets. Some of the controversy regarding glucose homeostasis in SHR may be linked to polymorphisms in CD36 that can affect fat uptake in organs such as liver and skeletal muscle in some strains of SHR. The model used in this study, SHR/NCrl, has been shown to express CD36 in all major organs (5) and, as our data demonstrate, may respond differently than other SHR strains to dietary challenges that influence glucose homeostasis. Overall, the data from our present study do not support the notion that SHR have insulin resistance or that a low-carbohydrate/high-fat diet impairs insulin sensitivity. We recognize that the present data are in contrast to other studies in the literature (4, 7, 8, 22, 25, 32, 33, 42, 46, 55) ; however, it is possible that some of these contrasting observations may be due to the experimental conditions employed with respect to state of consciousness and mode of restraint experienced by rats. For example, during the insulin tolerance test conducted in our study, we used unrestrained and conscious rats with catheters implanted in the caudal artery to administer insulin and monitor glucose levels. Therefore, the influence of this technique compared with others on glucose and insulin levels is unclear.
In the present study we observed that SHR had lower fat pad weight compared with diet-matched WKY, suggesting a resistance to weight gain. Furthermore, whereas adiponectin was similar among all groups, the low-carbohydrate/high-fat diets increased plasma leptin levels in WKY but not in SHR. Similar finding have been reported in SHR fed high-fat diets (6, 14, 15, 36) . These results may be explained by the presence of a segment of chromosome 20 in SHR that differentially regulates obesity, glucose intolerance, and leptin levels in response to a high-fat diet compared with other rat strains (6, 36) . For example, high-fat diets fed to congenic SHR containing a segment of chromosome 20 from Brown Norway rats resulted in increased fat pad weight and elevated leptin, whereas the same diet did not produce those effects in SHR with endogenous chromosome 20 (6) .
Current dietary American Heart Association recommendations for management of blood pressure include consuming a diet rich in fruits, vegetables, whole grains, fiber, and fish while limiting dietary sodium. Recently, specific advice on limiting simple carbohydrate intake in the form of dietary sugar was also advocated by the American Heart Association. Studies using SHR and normotensive rat models provide rationale for the potential deleterious effects of dietary sugar on blood pressure (23, 24, 38 -40, 43) . However, there is sparse data regarding the effect that the overall proportion of dietary carbohydrate may have on blood pressure. Our study provides proof of principle that reducing carbohydrate intake in the setting of hypertension can reduce blood pressure, and we propose that the mechanism may be related to improved arterial function and enhanced eNOS phosphorylation. Although we do not have data in the present study regarding the long-term effect of the observed 11-mmHg reduction in blood pressure on the SHR mortality, it is known that this magnitude of reduction is clinically relevant in humans over the long term. It has been estimated that for each increase of 20 mmHg systolic and 10 mmHg diastolic, there is a doubling of mortality from stroke and ischemic heart disease (29) . Furthermore, even individuals with systolic blood pressure of 130 -139 mmHg have twice the risk of cardiovascular disease mortality than individuals with blood pressure of 115/75 mmHg (29) . While replacing carbohydrate with fat as we did in our study is controversial, it does provide a tool to tease out the impact that dietary carbohydrate may have on blood pressure. Although it is premature to consider long-range clinical implications from this study, these data do give one pause when contemplating the standard advice of a general "low-fat/high-carbohydrate" diet that focuses on sodium intake for patients with hypertension. Data from the present study raise many new questions and warrant further research using other models of hypertension, varying levels of carbohydrate intake, and the potential contribution of substituting macronutrients such as protein or fat to replace carbohydrate. 
